A 1D model is developed for defective gap mode (DGM) with two types of boundary conditions: conducting mesh and conducting sleeve. For a periodically modulated system without defect, the normalized width of spectral gaps equals to the modulation factor, which is consistent with previous studies. For a periodic system with local defects introduced by the boundary conditions, it shows that the conducting-mesh-induced DGM is always well confined by spectral gaps while the conducting-sleeve-induced DGM is not. The defect location can be a useful tool to dynamically control the frequency and spatial periodicity of DGM inside spectral gaps. This controllability can be applied to optical microcavities and waveguides in photonic crystals and the interaction between gap eigenmodes and energetic particles in fusion plasmas.
It is well known that the propagation of electromagnetic waves in a periodic system is subject to Bragg's reflection and spectral gaps are formed within which this propagation is forbidden [1, 2] .
Moreover, discrete gap modes can be formed with frequencies inside the spectral gaps if a local defect is introduced to break the system's periodicity and create an effective potential well to accommodate these modes [3] [4] [5] [6] . The investigation of the defective gap mode (DGM) has been receiving great attention in multiple fields including photonic crystal [5, 7, 8] and fusion plasma [9] [10] [11] [12] [13] [14] [15] .
For the photonic crystal, the DGM has promising applications in high-Q resonators [16] [17] [18] [19] [20] [21] , beam splitters [22, 23] , sharp bend waveguides [24] [25] [26] [27] [28] and coupling structures [29] [30] [31] , while for the fusion plasma, it plays an important role in confining energetic particles and thus generating fusion energy [32, 33] . However, little attention has been given to the effect of defect location on the DGM characteristics, and the types of boundary conditions which act as local defects were rarely focused on.
This paper first presents a 1D model developed for the DGM with two types of boundary conditions: conducting mesh and conducting sleeve. Then, it describes the effect of defect location on the DGM characteristics. It shows that the defect location can be used to dynamically control the DGM frequency and spatial periodicity inside spectral gaps. This may be of applications to optical microcavities and waveguides in photonic crystals and the interaction between gap eigenmodes and energetic particles in fusion plasmas.
Analytical model:
To study the propagation characteristics of electromagnetic waves in a periodically modulated system, we start from the Maxwell's equations: [14, 15] ), we obtain two coupled equations:
where   
, which are balanced by nonlinear parts of E , are neglected [14, 15] . Multiplying Eq. (6) with Eq. (7) results in the dispersion relation of electromagnetic waves propagating in a 1D periodic system,
Equation (8) also tells the edges of the spectral gap between which waves are evanescent and thus cannot propagate longitudinally. By taking
with eh  the high-edge branch and el  the low-edge branch respectively, which further gives
Therefore, the normalized gap width is equal to the modulation factor, which is consistent with previous studies [14, 15, 34] . Here, 0  is for 0 B , standing for the center of the spectral gap.
To form a DGM inside the spectral gap, we consider two types of defects introduced by boundary 
and the dispersion relation of conducting-sleeve-induced DGM (
Equations (11)- (14) describe the propagation characteristics of DGM for two types of boundary conditions, acting as local defects, and will be analyzed numerically in the following section.
Compared to the DGM models developed in [14, 15] , which employs the wave equations of radially localized helicon mode and Alfvénic mode, respectively, together with a cold plasma dielectric tensor, the present model is based on Maxwell's equations only and is therefore more general. Moreover, it contains wave numbers so that making the study of the propagation characteristics of DGM possible. Additionally, it is 1D and does not consider radial structures, allowing easier experimental validations.
Results and discussion:
To illustrate the propagation characteristics of the conducting-mesh-induced DGM, we solve  from Eq. (11) and Eq. (8) and plot the solutions together. Figure 1(a) shows the results. The employed conditions are typical parameters on the LAPD (LArge Plasma Device) [35] , including equilibrium magnetic field strength of defect location can be found in Videos 2(a) and 2(b). We find that the defect location can be used to modulate the DGM spatial periodicity: modulation periodicity decreases with increasing 0 z . Again, the conducting-mesh-induced DGM is always confined inside the spectral gap, whereas the conducting-sleeve-induced DGM is not. Then, we fix the wave frequency of Mrad/s 1   and keep other conditions the same as for Fig. 1. Figures 3(a) and 3(b) The dynamic controllability of DGM frequency and spatial periodicity through defect location can be applied to optical microcavities and waveguides in photonic crystals. The idea is to adjust the DGM frequency and spatial periodicity dynamically to enhance the quality factor of resonant modes inside microcavities and to improve the impedance matching between defect and waveguides. It can also be employed to control the interaction between gap eigenmodes and energetic particles in fusion plasmas. During fusion reactions, weakly damped gap eigenmodes are readily destabilized by energetic ions and may degrade fast ion confinement [32, 33] . The idea is to break the wave-particle resonance condition to prevent energy transferability or to force the energy transferring direction, e. g. from gap eigenmodes to energetic particles, through varying the DGM frequency and spatial periodicity dynamically. For magnetized plasmas, the externally applied magnetic field powered by independent current coils can be a control tool to achieve dynamic modulation periodicity and defect location (e. g. increasing current on one of the coils).
Conclusion:
To show the propagation characteristics of DGM more explicitly, we developed a 1D analytical model based on Maxwell's equations only. Two types of boundary conditions are considered:
conducting mesh and conducting sleeve. For a periodic system without defect, the normalized width of spectral gaps equals to the modulation factor, which is consistent with previous studies [14, 15, 34] . For a periodic system with local defects introduced by the boundary conditions, we find that the conducting-mesh-induced DGM has better confinement inside spectral gaps than the conducting-sleeve-induced DGM. Moreover, the defect location can be employed to dynamically control the frequency and spatial periodicity of DGM inside spectral gaps. This dynamic controllability has promising applications in the field of optical microcavities and waveguides in photonic crystals and the interaction between gap eigenmodes and energetic particles in fusion plasmas. The experimental validation of our model is in progress and will be addressed later.
